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A kinetic study has been conducted on the formation of polydiacetone
acrylamide oxime on TenaI-70. Graft copolymerization and oximation are two
major reaction steps in the synthesis of the product. For graft copolymerization
kinetics, gas chromatography was employed to follow the depletion of diacetone
acrylamide (DAA) monomer. Oximation reaction kinetics were studied by use of
infrared analysis and the Dumas gasometric method of analysis.
The study revealed that graft copolymerization has a first order dependence
on DAA monomer. From experiments at different temperatures, the activation
energy (E ) was determined to be 8.8 kcal/mole. Although it is known that thedi
graft copolymerization in this process is pH-sensitive, the results obtained here
were uncertain.
The results obtained by infrared analysis were inconclusive because of the
limited quantitative capabilities of the method. However, subsequent elemental
analysis for nitrogen showed zero order kinetics for the oximation reaction.
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Rate constants to designate termination by combination
also used with rate to indicate general termination.
Propagation or polymerization.
INTRODUCTION
This work involves a kinetic investigation of the preparation of polydiacetone
acrylamide oxime on Tenal-70. The preparation involves a graft copolymerization
step and an oximation step. The free radical initiated graft copolymerization is
carried out in acidic aqueous media while oximation takes place in basic aqueous
media.
Some investigators have done kinetic studies on free radical initiated
polymerization and a review of some of their work is presented below.
General Aspects of Graft Copolymerization
In principle, the conventional free radical polymerization scheme should be
applicable to graft copolymerization systems since the reaction involves poly¬
merization of a vinyl monomer initiated by a polymeric radical. In practice,
however, the reaction is not quite as straightforward as this due to the number of
specific features that result from the special reaction conditions prevailing in most
1-3
graft systems. Gelation, chain transfer, phase separation and diffusion effects
are but a few of the many factors which can seriously affect the reaction
kinetics.
Consider the simple case of a polymer swollen in aqueous solution with the
monomer completely soluble in this solution. With the graft copolymerization
occurring by a radical chain process, the overall reaction scheme can be divided




r = k I (2)
Propagation of initial radical:
k.
P* + M PM’ (3)
rj = k, [P’][M] (4)
Propagation:
PM’ + M P > PM ,n n+1
r = k [PM’ ] [M]
P P n'










If one assumes that the length of the polymer chains is long, then reaction (3)
can be neglected with respect to reaction (5), and one obtains the following relation






Introducing the conventional steady-state assumption that the rate of change of the
radical concentration is small, then:
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k. [P’][M] = 2k^[PM’^]^ (10)
rj = 2k^[PM-^] ^ (11)
therefore, [PM’ ] = (r./2 k )^^ (12)’ nit
On combining (9) and (12) one obtains for the rate of graft copolymerization:


















rate of initiation of polymer radicals
rate of initiation of graft reaction
rate of propagation and termination respectively
rate constant for initiation of polymer radicals
rate constant for initiation of graft reaction
propagation and termination rate constants
It is perhaps not strictly correct to assume a steady-state concentration of
free radicals capable of initiating the graft copolymerization. However, Restino
and Reed have shown that for the grafting of vinyl acetate on poly (tetrafluoro-
ethylene) film, the steady state assumption is justified. They further point out
that this steady state approximation applies to the radicals formed at the surface
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of the polymer film and not to the free radicals within the film, which in some
cases are capable of very long lifetimes.
It is further assumed in the above derivation that the chain transfer reactions
are negligible. This assumption is supported by findings of Mino and Kaizerman
9
who observed that radicals are formed largely on the polymer backbone first.
The oxidation of many organic compounds with ceric ion proceeds by a single
electron transfer with the formation of free radicals. In the case of alcohols the
reaction can be written as follows:^
Ce^^ + R-CH2OH —> R ‘CHOH + Ce^'*' + (14)
Such free radicals are capable of initiating vinyl polymerization. If the reducing
group is part of the polymer molecule, and the oxidation is carried out in the
presence of vinyl monomer, graft copolymers can be formed. Mino and Kaizerman
applied this method to the syntheses of polyvinyl alcohol grafts onto both starch
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and cellulose using acrylonitrile and acrylamide monomers.
4+
Mino and Kaizerman further verified that the oxidation of cellulose by Ce
salt proceeds through a ceric-cellulose complex (see Fig. 1) and that the rates of
complex formation and decomposition are nearly equal.A point of interest in
that investigation is that they found that the oxidation was pH dependent. It was
determined also that cellulose contains relatively reactive and unreactive
components. The relatively reactive component may correspond to the carbon
linkage in the end unit of the cellulose molecule (see Figs. 1 and 2). The initial
oxidation may take place there. Subsequent study showed that the activation
energy for oxidation of the relatively unreactive component is twice that of the
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Fig. 2, Synthesis of polyDAA oxime on Tenal-70. The reaction shows both grafting and oxirnation steps





cellulose was correlated with the rate of free-radical formation in graft copoly¬
merization. There existed a proportional relationship between oxidation rate and
the amount of acrylonitrile incorporated in a graft polymerization experiment.
Another point of interest in this work is that other previous workers found
that the free radicals in polyvinyl alcohol grafts using acrylonitrile and acrylamide
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monomers are formed exclusively on the polymer backbone. They conclude that
the technique yields essentially pure graft copolymers. These findings make it
possible to assume in this study, that since the radical sites are formed on the
cellulosic backbone, relatively little homopolymer is formed. This makes it
possible to conduct a kinetics study with no significant problems caused by
homopolymerization.
There is no literature available on the oximation of polydiacetone acrylamide
monomers (polyDAA) on Tenal-70, whose synthesis is shown in Fig. 2. On the other
hand, oximes prepared by direct reaction of hydroxylamine with aldehydes and
ketones have received much attention. In order to form some basis for comparison,
general aspects of oximes will be discussed.
In general, an oxime is obtained by reacting hydroxylamine (H2NOH) with
13either an aldehyde or a ketone. The product is designated as aldoxime or
ketoxime, according to the nature of the carbonyl group. The reaction involves
nucleophilic attack by the basic nitrogen compound on the carbonyl carbon.
Protonation of the carbonyl oxygen makes the carbonyl carbon more susceptible to
nucleophilic attack; insofar as the carbonyl compound is concerned, then, addition
will be favored by high acidity. But H2NOH can also undergo protonation to form'
the electrophilic species H^^NOH which lacks unshared electrons; so that with
respect to the nitrogen compound, addition is favored by low acidity:
9
The conditions under which addition proceeds most rapidly thus represent a
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compromise. The solution must be acidic enough for an appreciable fraction of
the carbonyl compound to be protonated, but not so acidic that the concentration
of the free nitrogen compound is too low. The optimum conditions depend upon the
basicity of the reagent and upon the reactivity of the carbonyl compound. In this
study the optimum pH for the oximation reaction is 13.5.
Oximation Kinetics - Previous Work
Barrett and Lapworth studied the formation of acetoxime from acetone and
hydroxylamine in water.Their investigation revealed that the reaction is base
and acid catalyzed. They further showed that rate of reaction was proportional to
the concentration of hydroxide ions, and that the kinetic law was presumably
ratea [ketone] [ H2NOH] [OH~.] (16)
They concluded that the rate depends on the concentration of the anion of
hydroxylamine, whose addition to the carbonyl group is rate determining.




R-C = 0 + NHOH > R-C2 2 \
NHOH
(18)








Equation (18) was assumed to be the rate-determining step. The final dehydration
step, which produces the oxime, was assumed to be fast.
In acid catalysis, Barret and Lapworth found that as the concentration of the
added strong acid was steadily increased, the rate rose to a sharp maximum and
then fell again nearly as sharply. They did not quantitatively analyze the rate
curve. They believed that the added strong acid on one hand converts the ketone
into a strong electrophilic cation which can attack the neutral hydroxylamine
molecule. On the other hand, it makes the hydroxylamine unreactive by converting
it into its conjugate acid.
The above observations serve only as a form of reference; the results in this
investigation are expected to differ because of the complicated phase limited
reaction matrix.
Physical Characteristics of the Solution During
Grafting and Oximation
The physical characteristics of the solution during both grafting and
oximation warrant a brief discussion. Before addition of ceric ammonium nitrate
(CAN), the solution had the appearance of a relatively viscous gel-like, material,
clear and homogeneous. After addition of CAN, the solution turned into a white
homogeneous emulsion. The rate of emulsion formation seemed to be dependent
upon temperature and other reaction conditions. As the reaction proceeded, small
bead-like polymer particles precipitated out of the solution, and in some cases
formed small agglomerates. When the reaction was complete, the solution was
heterogeneous with the mother liquor appearing chalky from the polymer
suspension. Since the graft copolymer separates as a second phase almost
immediately after initiation, it is likely that the propagation and termination take
place in or on the solid particles.
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The polyDAA on Tenal-70 starting material had the appearance described
above. In almost all the oximations carried out in this study, there seemed to-be no
significant change in the physical appearance of the heterogeneous solution in the
first 15-20 min of the oximation. From there on, depending on reaction
conditions, the bead-like polymer particles diminished in size as they swelled into
solution. As the solution increasingly swelled, attaining a homogeneous
appearance, the viscosity increased in proportion. When the oximation was
complete, the viscosity of the solution had dropped quite significantly. This
phenomenon could be due to oximes forming solubilizing groups by virtue of
oximates, thus the polymer swells and dissolves. In solution, the oximate
proliferates, breaks up polymer aggregates and reduces viscosity.
It is the unique physical characteristics of the oximation reaction solution
that seems to account for a marked deviation from the expected kinetics (see data
analysis).
Determination of Reaction Rates for Grafting and Oximation Steps.
As the above discussion indicates, it is not clear how fast both graft
copolymerization and oximation reactions reach completion. The original process
suggests 3 hr for grafting. The objective of this work was to conduct a kinetic
investigation to determine the reaction rates in this two-step process.
In graft copolymerization the study was expended to examine the effect of
initiator concentration. The effect of temperature on the grafting rate was
observed at temperatures between room temperature and 60°; also studied was the
effect of pH.
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For the oximation step, the effect of hydroxylamine hydrochloride
concentration and potassium hydroxide concentration was studied. Further
reactions were carried out at elevated temperatures to observe the effect of
temperature.
EXPERIMENTAL
Graft Copolymerization and Oximation
Kinetic data were obtained using gas chromatography (GC) analysis to follow
the grafting continuously; the oximation was followed by infrared analysis. To
avoid a retarding effect of molecular oxygen on the propagation reaction, the
experimental apparatus was designed to permit deaeration of the reactant solutions
by a nitrogen purge throughout the grafting period.
Reagent Purity
The water used as solvent in the studies was obtained from Belmont Spring
Water Co., Belmont, Mass. It was distilled and chemically pure.
Nitrogen, supplied in cylinders by Airco, New York, was guaranteed to have a
purity of close to 100%. All other materials involved in the studies were used
without further purification. A complete list of reagents is given in Table 1.
Procedures
Graft Copolymerization
Before the start of each run, the apparatus was set up as shown in Fig. 3. The
nitrogen valve on the cylinder was opened to sweep nitrogen through the reaction
flask. Distilled water was allowed into the flask with the agitator motor running,
then Tenal-70 was added slowly to avoid "lumping". The temperature in the
silicone bath was raised to 95° to remove any trapped atmospheric oxygen in the
solution. The solution was allowed to cool to 20° and the DAA monomer and the
sulfonic acid (AMPS) were consecutively added to the Tenal-70 solution. The pH
13
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Table 1. List of Materials
Materials Supplier
Tenal-70
Diacetone Acrylamide monomer (DAA) American Cyanamid Corp.
Nitric Acid Fisher Scientific Co.
Hydrochloric Acid Fisher Scientific Co.
Ceric Ammonium Nitrate (CAN) Frederick Smith Chemical Co.
2-Acrylamide-2-l -methylpropane Lubrizol Corp.
Sulfonic Acid (AMPS) Lubrizol Corp.
Hydroxylamine Hydrochloride Fisher Scientific Co.
Potassium Hydroxide (45% by weight)
Dialyzed Dowfax Dow Chemical Co.
Nitrogen
Fig. 3. Diagram of grafting and oximation apparatus
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level was adjusted to 1.5 by adding the proper amount of nitric acid. The amount
of nitric acid was determined from the calibration curve (see Fig. U).
The temperature in the silicone bath was raised and maintained at the desired
temperature for grafting.
For each run, a sample was obtained before addition of CAN solution and
labelled "sample" at time zero. Then, to start the grafting step, CAN solution was
added and time kept by use of a stop-watch. Each grafting step was allowed to run
for 3 hr. This procedure was invariably followed in all the graft copolymerization
runs.
Normally, samples were withdrawn as frequently as possible for the first 30
min of the reaction and at wider intervals thereafter. In each instance a 5 ml
sample was withdrawn from the reaction flask by means of a 5 ml pipet. The
sample was quickly transferred to a 20 ml vial containing 5 ml of 1:1 methanol and
water solution (with a pinch of hydroquinone). The sample was vigorously shaken to
quench the reaction.
Oximation
In this step all the equipment from the grafting step remained unchanged.
During the entire oximation study the polyDAA on Tenal-70 was laboratory
prepared and was not part of the graft kinetics study. All other materials for
oximation were reagent grade. Thus, oximation was normally started after
completion of the grafting step. At the end of the grafting period, the appropriate
amount of water was added to the flask and left to agitate in order to break down
any polymer agglomerations. The temperature of the silicone oil bath was raised to
the desired reaction temperature. One third molar excess (relative to DAA
monomer) of hydroxylamine hydrochloride was added to the flask.
17
Fig. 4. [H'*’] vs mls.of Cone. HNO^.
i
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Potassium hydroxide solution (45% by weight) was added over a short period
of time. This time length depended on the temperature chosen for an oximation
reaction. Generally, for runs at elevated temperatures, the time ranged between 5
and 10 min.
Sample Preparation
For each oximation, a sample was drawn before potassium hydroxide addition
and this was the sample at time zero. Samples were obtained as frequently as
possible for the first hour and less frequently thereafter. Each sample withdrawn
was neutralized by hydrochloric acid solution to a pH of 7 and the product that
precipitated out was rapidly washed and dried in an oven at 40°.
RESULTS AND DISCUSSIONS
Graft Copolymerization
The kinetic data obtained under optimum experimental conditions are plotted
in Fig. 5. The curve of DAA monomer concentration versus time (min) shows a
first order dependence on DAA monomer. Similar behavior of the curves of DAA
monomer concentration versus time can be observed in Figs. 6 - 10. The slight
deviations in the linearity of the curves can be ascribed to the progressive change
in the reaction medium during the grafting period. The precipitation of the
polymer particles from the solution makes the solution heterogeneous. It is
possible that diffusion effects, homopolymerization and other phenomena may have
occurred; however, these effects do not appear to have caused significant
deviation.
An induction period was observed in most of the experimental runs. A likely
explanation is that the continuous nitrogen purge is not removing all the
atmospheric oxygen. Traces of oxygen may be interfering with polymerization by
16-18
forming peroxy radicals as follows:
R* + O2 > RO^
inhibiting the polymerization.
This study demonstrates that the graft copolymerization, at optimum





Fig. 5. Plot of [DAA monomer] vs time at 47°.
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Fig. 6. Plot of [ DAA monomer] vs Time at 32°.
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Fig. 7. Plot of [DAA monomer] vs Time at 50°.
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Fig. 8. Plot of [DAA monomer] vs Time at 55°.
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Fig. 9. Plot of [ DAA monomer] vs Time at 60°.
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Fig. 10. Plot of [DAA monomers] vs Time at different temperatures
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The rate constant, was determined to be 16.7 X 10 min . The half-
life, from the relationship tj,^ = (1/k) logg2 for first order dependence, was found
to be 39 min.
Effect of Temperature on Graft Copolymerization
The study was conducted in the temperature range between room
temperature and 60°. Figs. 5-9 show plots at 32°, 47°, 50°, 55°, and 60°. As was
expected, the rates increased with increasing temperature as shown in Table 2. At
60°, however, the rate constant was found to be lower than at 55°. Some workers
have found that for ceric nitrate initiated systems, higher temperatures make the
19
CAN unstable causing a decrease in grafting. Thus our observation seems to be
in agreement with their findings.







8.6 X 10"^ min“^
13.2 X 10'^ min'^
16.7 X 10'^ min'^
21.2 X 10"^ min’^
19.7 X 10”^ min“*
At room temperature (22°), no significant grafting occurred during the entire
grafting period. A slow grafting rate was observed at 32° (see Fig. 6). This may be
explained by assuming that the polymer radicals are trapped or occluded in the
unswollen, tighly coiled, precipitating graft polymer, thus retarding the diffusion of
27
DAA monomer to the growing end of the chain. In acrylonitrile systems, it was
demonstrated that the life-time of trapped radicals is many hours at low and room
temperature.^^ Furthermore, if a polymer containing such radicals is heated in the
presence of monomer to about 60°, such that mobility of the radicals is increased,
13
extremely rapid polymerization takes place.
From the relationship:
k = A exp (-E /RT)
a
where:
k = rate constant
A = pre-exponential factor
E = activation energydi
T = temperature
the activation energy, E , was determined from the Arrhenius plot (see Fig. 11) ofcl
log k vs = . The value of E was found to be approximately 8.8 kcal/mole.
Effect of CAN (initiator) Concentration on Graft Copolymerization
The effect of initiator concentration was studied in the range of 'A the normal
amount to IVi times the normal concentration. The effect is shown in Fig. 12. As
is apparent, the copolymerization rates increased with increasing initiator
concentration. This is in agreement with theory since at higher initiator
20
concentration, more polymer free radicals are made available for the monomer.
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1000 k ■
Fig. 11. Plot of rate constant, k vs —
T
Line chosen by least squares method
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(a) lYi times the normal amount of CAN
(b) Normal amount of CAN
(c) Kz the normal amount of CAN
Infrared Analysis Results
The infrared method used in this study involved monitoring the increase in
'intensity of the -C = N- absorption peak during the oximation reaction. It must be
mentioned that the -C=N- bond absorbs at the same wavelength as the of the
21
amide in the DAA monomer chain. Since absorbance is proportional to
concentration, the measured absorbance is the sum of the two individual
absorbances (Fig. 13). Since of the amide does not take part in the oximation,
an assumption was made that its absorbance would be constant during the
oximation period. Based on this assumption, a correction for this was made in the
-C= N- absorbance peak for a single run. This made the direct application of Beer's
Law inaccurate. The infrared spectra for samples withdrawn later in the run gave
better results. On the whole, the quality of the spectra severely limited the
quantitative usefulness of the infrared analysis. Therefore, the oximation data
obtained by this technique was considered approximate; and the spectra are used
only for qualitative discussion.
Percent Elemental Nitrogen Data Treatment
The percent elemental analysis technique was adopted later in the project
22
when the infrared technique was determined to be less useful quantitatively. The
set of data was obtained from oximation reactions run at 50° and 60°. Since the
set of data was in percent elemental nitrogen it was converted to percent
oximation.
The curves were plotted as percent oximation versus time (see Figs. 14 and
15). In both figures, the plot is linear through point of origin. The linearity in both
instances is indicative of zero order kinetics. This observation reveals that the
rates are independent of the concentration of reacting materials.Considering the
30
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heterogeneity of the graft copolymer, the above explanation seems plausible.
Supposing that the chemical process is very rapid, and the diffusive processes
are relatively slow, the reaction can take place only as fast as the reactants diffuse
together. Under these circumstances, chemical change occurs on almost every
23
occasion that the reactants become nearest neighbors. It is not possible to
interpret fully the cooperative, diffusive, and phase-change phenomena which
occurred as the polymer particles reacted and swelled into solution.
Changes in phases altered expected kinetics in the sense that
homogeneous oximation rates far exceed diffusion-limited heterogeneous rates. In
diffusion-controlled reactions involving macromolecules, information is required
23
about the relative motions of the reactive segments of the polyDAA. No
mathematical model is available to discuss the complexity of this problem.
Recommendations for Further Study
Graft Copolymerization. It would be interesting to carry out kinetic
investigation on other systems of graft copolymers that involve DAA monomer, and
other polymer backbones such as polyvinyl alcohol and compare the findings.
The effect of pH on the grafting rate was unclear. Further studies at wider
pH ranges should be carried out.
An investigation should be conducted to determine whether there is any
homopolymerization occuring during the graft reaction. This could lay the ground
work for studying the effect of increasing monomer concentration or polymer back¬
bone on the molecular weight distribution of the graft copolymer. Experiments
should be performed to observe the effect of agitation on grafting rates.
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Oximation. Further study should be done with the use of % elemental
nitrogen analysis, and the effect of other experimental conditions in the oximation
reaction should be determined. In process viscosity measurement should be carried
out during the reaction based on visual observation.
CONCLUSION
Graft Copolymerization - This work demonstrated the overall dependence of
grafting rates on the monomer concentration. The grafting time was reduced from
the previously designated 3 hr to about 90 min (at 50°). No activation energy (E )
for this system had previously been determined. The value derived from this
experimental work may very well reflect the temperature dependency for the
diffusive rate of DAA monomer, on which the whole kinetics are dependent.
Oximation - Results from the oximation kinetics ,study are not conclusive.
The study indicates that the reaction is not kinetically controlled. The hetero¬
geneity of the solution of the early part of the oximation leads one to conclude that
the reaction is dependent upon diffusive processes, which change drastically as the
substrate dissolves by virtue of the acquired oximate groups.
36
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